The ventromedial hypothalamus is a central node of the mammalian predator defense network. Stimulation of this structure in rodents and primates elicits abrupt defensive responses, including flight, freezing, sympathetic activation, and panic, while inhibition reduces defensive responses to predators. The major efferent target of the ventromedial hypothalamus is the dorsal periaqueductal grey, and stimulation of this structure also elicits flight, freezing, and sympathetic activation. However, reversible inhibition experiments suggest that the ventromedial hypothalamus and periaqueductal grey play distinct roles in the control of defensive behavior, with the former proposed to encode an internal state necessary for the motivation of defensive responses, while the latter serves as a motor pattern initiator. Here we used electrophysiological recordings of single units in behaving mice exposed to a rat to investigate the encoding of predator fear in the dorsomedial division of the ventromedial hypothalamus and the dorsal periaqueductal grey. Distinct correlates of threat intensity and motor responses were found in both structures, suggesting a distributed encoding of sensory and motor features in the medial hypothalamic-brainstem instinctive network.
Introduction
Electrical stimulation and lesion studies identified the medial hypothalamus as a central organizer of innate goal-directed behaviors associated with defense and reproduction (Malsbury et al., 1977; Kruk et al., 1979; Sakuma, 1979a, 1979b; Canteras et al., 1997; Canteras, 2002; Lin et al., 2011; Yang et al., 2013; Silva et al., 2013) . Evidence for its anatomical and molecular conservation across vertebrates (Braak and Braak, 1992; Koutcherov et al., 2002; Kurrasch et al., 2007) suggests that it forms an ancient control center for survival responses that may date back as far as the evolution of bilaterians (Tessmar-Raible et al., 2007; Arendt et al., 2015) . Anatomical tract-tracing and cFos mapping studies in rats exposed to cats identified a set of three interconnected medial hypothalamic nuclei, the anterior hypothalamic nucleus (AHN), dorsomedial division of the ventromedial hypothalamus (VMHdm), and dorsal premammillary nucleus (PMD) , that together comprise the medial hypothalamic defensive system (Canteras, 2002) . The VMHdm occupies a central position in the network because it receives direct input from olfactory and pheremonal sensory processing areas in the cortical and medial amygdala (Swanson and Petrovich, 1998; Choi et al., 2005; Bergan et al., 2014) necessary to detect threat-related stimuli and at the same time provides direct outputs to the dorsal periaqueductal grey (dPAG), considered to be the behavioral and autonomic motor pattern initiator for defensive responses (Blanchard et al., 1981; Bandler and McCulloch, 1984; Fuchs et al., 1985; Graeff, 1994; Swanson, 2000; Canteras, 2002) .
Recent work in mice has begun to dissect the medial hypothalamic defensive system at the circuit level. Optogenetic stimulation of neurons in VMHdm (Lin et al., 2011; Kunwar et al., 2015) or their projections to AHN or PAG (Wang et al., 2015) elicited freezing and flight behavior and pharmacogenetic inhibition or genetic ablation of neurotransmission in VMHdm reduced defensive responses to predators (Silva et al., 2013; Kunwar et al., 2015) .
Neurons in VMHdm appear to selectively support defensive behaviors elicited by predators, as defensive responses to a conspecific were unaffected by pharmacogenetic inhibition (Silva et al., 2013 ; but see Kunwar et al., 2015) . Similarly, optogenetic stimulation of neurons in dPAG elicited freezing and flight (Deng et al., 2016; Tovote et al., 2016) and pharmacogenetic inhibition reduced defensive responses to predator (Silva et al., 2013) .
However, pharmacogenetic inhibition of dPAG did not impair the acquisition of a fear memory formed by exposure to the predator, while VMHdm inhibition did (Silva et al., 2016b) , suggesting a role for PAG limited to the expression of defensive behaviors and a broader role for VMH in encoding an internal, motivational state required both for the expression and memory of predator defense (Silva et al., 2016a (Silva et al., , 2016b . Data from deep brain electrical stimulation studies in humans appear to support this distinction, with stimulation of VMHdm eliciting feelings of dread, impending doom, and panic (Wilent et al., 2009 ) and stimulation of dPAG eliciting sensations of being chased (Amano et al., 1982) .
A potential role for VMHdm in encoding defensive motivation is also supported by analogy with single unit electrophysiological recordings and calcium imaging in the ventrolateral division of the VMH (VMHvl), a part of the medial hypothalamic reproductive system, in male mice exhibiting aggression toward male intruders (Lin et al., 2011; Falkner et al., 2014 Falkner et al., , 2016 Remedios et al., 2017) . In these studies, VMHvl neurons showed increased firing when exposed to awake males, anesthetized males, or male urine, and the intensity of activation was correlated with the latency and duration of future attacks, demonstrating the encoding of both sensory as well as motivational features of the behavior. The capacity of neural activity in VMHvl to motivate attack behavior was subsequently tested by showing that optogenetic stimulation of VMHvl could drive lever pressing behavior to get access to an intruder (Falkner et al., 2016) . Single unit recordings in the VMHdm of behaving animals have not been reported, but by analogy with VMHvl such neural activity should similarly scale with both sensory features of the threat as well as the probability or intensity of the defensive response.
In dPAG, on the other hand, electrophysiological recordings of single units in awake behaving mice exposed to a rat identified two major classes of neurons -flight cells, whose firing increased during flight from the predator, and assessment cells, whose firing increased with decreasing distance from the predator (Deng et al., 2016) . These findings demonstrated that dPAG neuron activity encodes not only defensive motor actions (flight), but also sensory aspects of threat distance and intensity (assessment). Together these findings suggest that a simple model in which VMHdm firing encodes threat intensity and dPAG neurons are triggered to produce defensive behaviors when this activity reaches a given threshold is likely to be incorrect. Here we investigated single unit activity in both VMHdm and dPAG in awake behaving mice exposed to a rat to understand whether and how predator defense behavior is differentially encoded in these structures. Our data revealed that both VMHdm and dPAG contain assessment and flight cells, suggesting a distributed encoding of sensory and motor aspects of defense across these structures. However, correlations between defensive behavior and firing rates were different in VMHdm and dPAG, confirming a hierarchical encoding of defense between medial hypothalamus and brainstem.
Results
Current approaches for understanding the encoding of behavior in the firing of single neurons involve recording single unit electrical activity in awake behaving animals showing robust and repeated responses to an eliciting stimulus over multiple sessions and days. To achieve such conditions we modified our existing mouse predator defense test (Silva et al., 2013) so that the mouse could be transferred each day from its home cage to the testing apparatus consisting of a 60 cm long corridor connected to a larger 25 x 25 cm stimulus chamber via a small opening ( Figure 1A ). At the beginning of each session the electrode connector of the experimental animal was plugged into the recording cable and the animal was returned to its home cage for 20 minutes to stabilize the recording. At the start of the experiment the animal was transferred to the experimental apparatus and allowed to explore during a 10 minute habituation phase. At a moment when the experimental animal was in the corridor compartment a rat was placed into the stimulus chamber and the defensive behavior of the mouse was observed for a further 10 minutes. At the end of the session, the rat was removed and the mouse was allowed to explore for an additional 10 minutes. Quantification of the cumulative dwell time in the apparatus revealed a clear decrease in time spent near the stimulus chamber in the presence of the rat ( Figure 1BC ). Notably, in the presence of the rat the mouse repeatedly carried out a sequence of behaviors in which it moved cautiously toward the stimulus chamber assessment and then turned to initiate a rapid movement (flight) away from the rat ( Figure 1D ). Robust assessment-flight sequences were seen over multiple testing sessions (9.3±3.2 per session; Figure S1A ; over 13±1.0 sessions per animal, maximum 1 session per day, N=12). No flights were observed during the habituation or post-rat phases ( Figure S1B ). Animals were implanted with a 16-microwire electrodes fitted to a movable drive into either the VMHdm or dPAG and allowed to recover for at least two weeks before testing.
Electrodes were advanced at the end of each session and putative single units identified before the start of testing using standard spike sorting methods. A total of 305 putative single units recorded in 13 mice across a total of 101 sessions satisfied all criteria and were included in the final analysis. To identify units whose firing pattern was correlated with approach-flight behavior we aligned the firing of units to the start of each flight event across sessions as measured by an overhead videotracking apparatus and assessed correlations statistically.
In dPAG, 43% of single units (30/69) were significantly correlated with approach-flight behavior ( Figure 2B ). The patterns of correlation could be clustered into three types -cells that increased firing during approach ("assessment+" cells, 13%, 9/69; Figure 2C ; Movie S1 ), cells that decreased firing during approach ("assessment-" cells, 12%, 8/69; Figure 2D ; Movie S2 ), and cells that increased firing during flight ("flight" cells, 16%, 11/69; Figure   2E ; Movie S3 ). One single unit consistently decreased firing during flight and another one correlates with both, approach and flight behavior, but given that it was the solitary unit with this pattern, we did not consider this a robust cell-type. Similar assessment+ and flight cells have been previously reported in dPAG (Deng et al., 2016) . As assessment cells increased their firing rate during the approach toward the rat we plotted their average firing rate plotted against distance from the stimulus chamber. This analysis revealed a similar, non-linear relationship between both assessment+ and assessment-cell firing and distance ( Figure 2F ) in which assessment cells moderated their firing only when close to the stimulus chamber.
This relationship is consistent with the encoding of threat proximity by dPAG assessment cells. To understand whether flight cells in dPAG might encode motor features of flight we plotted the average firing rate of flight cells superimposed on the animal's velocity. This analysis revealed that peak flight cell firing occurred before peak velocity was attained ( Figure 2G ) consistent with the encoding of a motor pattern initiator rather than a motor executor function for dPAG flight cells.
In VMHdm, 28% of single units (67/236) were significantly correlated with approach-flight behavior ( Figure 3B ). The patterns of correlation could be clustered into three types -cells that increased firing during approach ("assessment+" cells, 10%, 24/236; Figure 3C Finally, we examined the firing rates of assessment cells in dPAG and VMHdm during the habituation and post-rat phases to determine whether similar increases of firing could be seen when the animal approaches the stimulus chamber in the absence of the rat. Mice showed similar numbers of approaches to the stimulus chamber during the habituation and rat phases ( Figure S1B ), however firing rates of dPAG and VMHdm assessment cells did not increase during approach to the stimulus chamber in the absence of the rat ( Figure   S3 ).These findings demonstrate that assessment cell firing during approach toward the rat is dependent on predator sensory cues.
Discussion
We have recorded the firing of 236 putative single neurons in the mouse VMHdm and dPAG during exposure to a live rat. We found two classes of neurons among those that showed firing that was significantly correlated with the defensive behavioral responses of the experimental animals. One class showed firing whose rate was modulated as the animal approached the rat, called "assessment" cells, and the other whose rate was modulated as the animal fled the rat, called "flight" cells. Both classes of cells were found in VMHdm and dPAG, suggesting that both structures encode aspects of threat detection and avoidance consistent with the known requirement of these structures in the expression of predator defense.
However, several differences in the correlations between firing and behavior were evident in VMHdm and dPAG. For assessment+ cells, firing rates increased in an inverse linear manner with distance from the rat in VMHdm, but in a delayed, non-linear manner in dPAG ( Figure   2C , 3C ). This difference suggests that VMHdm is activated earlier during approach to a predatory threat and that it directly encodes threat distance, while dPAG is activated only in close proximity to the predator as threat levels rise beyond a certain threshold. Because VMHdm receives direct projections from the MeApv that encodes predator odor (Canteras et al., 1995; Choi et al., 2005; Bergan et al., 2014) , it is reasonable to postulate that the increase in firing of assessment+ cells in VMHdm reflects their direct receipt of predator odor information from upstream olfactory and kairomone processing areas. However, VMHdm is also likely to receive non-olfactory sensory information about the predator from multimodal sensory processing areas of the amygdala, such as the basomedial and basolateral nucleus (Petrovich et al., 1996; Li et al., 2004; Martinez et al., 2011; Gross and Canteras, 2012) . Given the highly linear relationship between VMHdm assessment+ cell firing and predator distance, we argue that VMHdm assessment+ cells are directly driven by multimodal sensory information about the threat. This hypothesis was confirmed by our observation that assessment cell firing during the habituation and post-rat phases was not increased as the animal approached the stimulus chamber ( Figure S3 ) . These data also demonstrate that predatory olfactory cues remaining in the stimulus chamber are not sufficient to recruit VMHdm or dPAG neuronal firing during the post-rat phase, a finding consistent with the failure to recruit cFos activity during predator contextual fear memory (Motta et al.,2009; Silva et al., 2016b) , but seemingly at odds with the ability of pharmacogenetic inhibition of VMHdm to inhibit defensive behavior to the predator context (Silva et al., 2016b) . However, methodological differences (e.g. housing, handling, and/or training-testing delay) may have reduced the recruitment of VMHdm during predator context recall in our study. Finally, we note that firing activity of VMHvl units during approach to conspecifics is also proportional to distance (Lin et al., 2011; Falkner et al., 2014) , although in these studies the small size of the testing apparatus precluded an estimation of the linearity of this relationship.
Given that VMHdm neurons project heavily to dPAG and the hypothalamus provides over 45% of dPAG inputs (Beitz, 1982 (Beitz, , 1989 Canteras et al., 1994; Silva et al., 2013; Wang et al., 2015) , we speculate that the non-linear relationship with predator distance shown by dPAG assessment cell firing (both assessment+ and assessment-cells) rests in part on their being driven in a non-linear manner by inputs from VMHdm. Although the olfactory and multimodal sensory processing areas of the amygdala do not project directly to PAG (Canteras et al., 1995; Petrovich et al., 1996; Martinez et al., 2011) , dPAG assessment cells could also receive multimodal sensory information about the predator from thalamic and collicular inputs (Mantyh, 1982; Beitz, 1989; Vianna and Brandão, 2003; Schenberg et al., 2005; Silva et al., 2013) .
For flight cells, firing rates peaked earlier in dPAG than in VMHdm ( Figure 3H ) . A delay was also seen in the peak of firing of flight cells relative to the peak in velocity ( Figure 2G , 3G ), with dPAG peaking an average of 2.5 s before peak velocity and VMHdm peaking an average of 0.41 s before. In addition, dPAG flight cell firing increased at a steeper rate relative to the animal's velocity than VMHdm ( Figure 3I ) . Although without data from simultaneously recorded VMHdm and dPAG flight cells we cannot draw definitively conclusions about the relative latency to initiate firing of flight cells in the two structures, the steeper correlation with velocity suggests that dPAG is recruited in a robust manner earlier or more strongly than VMHdm during flight and may be driving it, an interpretation that is consistent with the existence of significant back-projections from dPAG to VMHdm (Mantyh, 1983; Meller and Dennis, 1991; Cameron et al., 1995) .
It is not clear why so few assessment-cells were found in VMHdm and why so few flightcells were found in dPAG. Given that assessment+ and flight+ cells with similar behavioral correlations were found in each structure, it is possible that their relative paucity reflects an absence of local inhibitory collaterals of assessment+ and flight+ cells in VMHdm and dPAG, respectively.
Our findings are consistent with an earlier study in which assessment+ and flight+ cells were described in the mouse dPAG during exposure to a rat (Deng et al., 2016) , although that study did not report approach or flight cells with decreasing firing rates, a discrepancy that may derive from the normalization methods used for identifying behaviorally correlated units. Like in the previous study, firing of dPAG assessment+ cells increased only when the mouse approached closely to the rat chamber ( Figure 2F ), suggesting that they might take part in a mechanism to bring dPAG activity to a threshold sufficient to activate local flight cells that signal the expression of escape behaviors when threat intensity is maximal.
Interestingly, firing of assessment+ cells is shut off upon flight initiation, suggesting the existence of a negative feedback mechanism from flight to assessment cells, possibly depending on dPAG back-projections. Where does the threat information come from that drives assessment+ cell activity in dPAG? VMHdm assessment+ cells show a more linear response to threat proximity and one possibility is that these cells drive dPAG assessment+ cells to threshold. However, direct optogenetic stimulation of VMHdm-dPAG projections was not able to elicit flight behavior (Wang et al., 2015) , suggesting that other dPAG afferents may be required. Inputs from the dorsal pre-mammillary nucleus (PMD), for example, are required for flight responses to predator and these may provide the critical drive for dPAG flight cells to reach threshold (Canteras and Swanson, 1992; Blanchard et al., 2003) . At the same time, VMHdm assessment+ cells are likely to be driven by amygdala inputs carrying multi-modal sensory information about the predator.
One of the surprising findings of our study was the presence of flight cells in VMHdm. Their presence demonstrates that the medial hypothalamus encodes both sensory and motor information about defense. It remains to be determined which inputs drive VMHdm flight cells. One possibility is that they are driven by thresholding of local assessment+ cells, a mechanism that would require a similar mechanism to drive flight-cells in VMHdm, a possibility that we consider unlikely, given the paucity of inhibitory interneurons in this subnucleus (Lein et al., 2007) . Another possibility is that flight+ and flight-cells in VMHdm are driven by feedback from flight cells in dPAG via prominent feedback projections known to exist between these structures (Mantyh, 1983; Meller and Dennis, 1991; Cameron et al., 1995) . The earlier and steeper firing of dPAG compared to VMHdm flight cells supports this hypothesis ( Figure 3I ) . Regardless, our data show that medial hypothalamus and its major brainstem target encode both sensory and motor features of defensive behavior, albeit with different correlations to behavior. In particular, we show that information about threat intensity and defensive motor action (flight) coexist already at the level of the medial hypothalamus.
Materials & Methods

Animals
All test subjects used were adult C57BL/6 N male mice, 8 weeks old at the moment of the surgery, from the European Molecular Biology Laboratory internal breeding colonies.
Predators were adult male SHR/NHsd rats from Harlan Sprague Dawley Inc. All animals were singly housed after the surgery at 22-25 °C under a 12-h light-dark cycle with water and food ad libitum. All animals were handled according to protocols approved by the Italian Ministry of Health.
Surgery
The stereotaxic surgery (Kopf Instruments) was performed under deep anesthesia (isoflurane 2%). The skull surface was exposed and two stainless steel screws (RWD Life Science) were fixed permanently into the posterior and anterior portions of the skull, to serve as ground and fixation. For extracellular recordings, mice were implanted with a movable bundle of 16 tungsten microwires (23 µm in diameter, Innovative Neurophysiology; Nomoto et al, 2015) , into the dmVMH (-0.95 mm posterior to bregma, +0.3 mm lateral, and -5.35 mm ventral to the brain surface) or into the dPAG (-4.1 mm posterior to bregma, +1.18 mm lateral and -2.36 mm ventral to the skull surface, at 26° lateral angle). The bundle was fixed on the skull using dental acrylic (DuraLay Reliance). After surgery mice were injected with carprofen (Rimadyl, 5mg/kg s.c.) for three days to control pain and inflammations. All animals were allowed to recover for at least 2 weeks before any test was performed.
Behavioral assay
The experimental apparatus (adapted from Silva et al., 2013) was made of transparent Plexiglas and composed of a stimulus chamber (25 x 25 x 25 cm) that was connected by a removable panel with an opening (2.0 wide, 2.0 cm high) to a narrow corridor (12.5 cm wide, 60 cm long, 30 cm high). At the beginning of each session the experimental animal was connected to the acquisition system and monitored for 20 min in the home cage to confirm signal stability before being placed into the experimental apparatus. Each session consisted of 10 min of habituation in which the door with the opening was removed in order to allow the animal to freely explore the corridor and stimulus chamber, followed by replacing the door with the opening and the placement of the rat in the stimulus compartment. Sensory contact between the rat and the subject was permitted for 10 min.
Subsequently, the rat and opening panel were removed and the mouse was allowed to explore the corridor and stimulus chamber for another 5 min. Videos were recorded at 30 frames/s to extract position and velocity of the animal (CinePlex Studio, Plexon). Video and neural data were synchronized offline and the behavior was manually scored (CinePlex Editor, Plexon).
Electrophysiology
During the recording sessions mice were connected to a lightweight head stage (1.03 g., gain 20x, Plexon). The head stage was connected to a 16-channel analog amplifier (gain 50x, Plexon) and neural activity was checked online. I f at least one unit was identified, the behavioral paradigm started. Otherwise, the bundle of electrodes was re-adjusted by moving the screw to advance it by 60 µm followed by a waiting period of 24 h before the next recording session. T he neural signal was acquired (digitized at 40 kHz, band pass filtered from 300Hz to 8 kHz) and stored using a Neural Data Acquisition System (Omniplex, Plexon) for offline analysis. Spikes were sorted offline (Offline Sorter, Plexon) based on 3D principal component analysis. Units isolation was verified using autocorrelation histograms, and cross-correlation histograms were used to detect units appearing in more than one channel. Three criteria were used to consider the recorded cell as a single unit: 1) signal-to noise ratio >3, 2) stable waveform shape during the recording, and 3) percentage of spikes occurring with inter-spike intervals <2 ms must be <0.1%. At the end of each session the electrodes were advanced 60 µm.
Physiology analysis
Confirmation of well-isolated single units was performed using NeuroExplorer software.
Peri-stimulus time histograms (PSTHs) were computed using custom Matlab (Mathworks) scripts. For each neuron, a mean spike density function was constructed by applying a Gaussian kernel (σ=10 ms). PSTHs were calculated using 10 ms bins. For the mean PSTH, the firing rate for each unit was normalized to the mean frequency of that unit across the whole session and averaged across trials. To define units as "assessment" or "flight" cells they had to show a significant firing rate variation during risk assessment and flight 
